Abstract Chondrus crispus and Mastocarpus stellatus both inhabit the intertidal and upper sublittoral zone of Helgoland, but with C. crispus generally taking a lower position. Measurements of chlorophyll fluorescence, activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO), and content and composition of UV absorbing mycosporine-like amino acids (MAAs) were conducted in the laboratory, to test whether susceptibility to UV radiation may play a role in the vertical distribution of these two species. Effective and maximal quantum yield of photochemistry as well as maximal electron transport rate (ETR max ) in C. crispus were more strongly affected by UV-B radiation than in M. stellatus. In both species, no negative effects of the respective radiation conditions were found on total activity of RubisCO. Total MAA content in M. stellatus was up to 6-fold higher than in C. crispus and the composition of MAAs in the two species was different. The results indicate that, among others, UV-B sensitivity may be a factor restricting C. crispus to the lower intertidal and upper sublittoral zone, whereas M. stellatus is better adapted to UV radiation and is therefore more competitive in the upper intertidal zone.
Introduction
Both Chondrus crispus and Mastocarpus stellatus are abundant species of red algae along the coasts of the North Atlantic and inhabit the intertidal and upper sublittoral zone of rocky shorelines (Lüning 1990 ). However, M. stellatus was not recorded from the island of Helgoland before 1983 when a few sporophytes were introduced during a scientific campaign (Kornmann and Sahling 1994) . In the following years, M. stellatus established and dispersed all over the island on hard substrates in the lower intertidal zone. C. crispus has always been regarded as an abundant species on Helgoland within its main distribution in the upper sublittoral and below the understorey of the intertidal zone (Kornmann and Sahling 1977) . After the introduction of M. stellatus, competition between the two species may have been initiated at locations where their habitats overlap, leading to the presently observed zonation pattern. Previous comparative studies on temperature, desiccation and freezing resistance revealed a generally higher stress tolerance of M. stellatus (Mathieson and Burns 1971; Dudgeon et al. 1989 Dudgeon et al. , 1995 , which may favour growth in variable environments, such as the intertidal and the upper sublittoral zone.
Recent studies stress the potential role of solar and especially UV radiation in determining macroalgal zonation patterns from polar to temperate regions (Dring et al. 1996a; Hanelt et al. 1997; Bischof et al. 1998a) . Moreover, Maegawa et al. (1993) regard solar UV radiation as one of the most important factors controlling the depth distribution of red algae on the shore. In the study presented here, it was tested whether UV radiation may be a factor contributing to the distribution of populations of M. stellatus and C. crispus on the shores of Helgoland. Therefore, different photosynthetic parameters, such as effective quantum yield, maximal quantum yield of dark acclimated samples, and maximal electron transport rate (ETR max ) as studied by pulse amplitude modulated fluorescence (PAM) measurements, as well as activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) were determined during exposure of experimental individuals to artificial UV radiation. Additionally, the content of UV screening mycosporine-like amino acids (MAAs) was measured to test whether the species have different capabilities for protection against UV radiation.
Materials and methods
Young thalli of Mastocarpus stellatus (Stackh. in With.) Guiry and Chondrus crispus Stackh. were collected from the same shore level in the NE Harbour of Helgoland (German Bight, North Sea; 54 o 11′N, 7 o 53′E) on 2 June 1999 during low tide and transferred to the laboratory. There, specimens were cleaned of epiphytes, and thallus branches about 2 cm long were removed to be cultivated in nutrient-enriched seawater (Provasoli 1986 ) and dim light for 2 days.
Samples were then grown at 10°C in 0.5 l glass dishes 18 cm in diameter and exposed to a 16:8 h light:dark cycle, supplemented with 6 h of UV in the middle of the light phase, from 1000 to 1600 hours. Cultures, each containing up to 80 thallus branches per species and treatment, were stirred regularly to guarantee equal light exposure. Every alternate day, the medium in the dishes was replaced. The experimental material was exposed to artificial UV radiation generated by three UVA-340 (Q-Panel, Cleveland, USA) fluorescent tubes at irradiances of 10 W m -2 UV-A (320-400 nm) and 1 W m -2 UV-B (280-320 nm). Photosynthetically-active radiation (PAR) produced by daylight fluorescent tubes was 25 µmol m -2 s -1 . Experimental irradiance of PAR was measured with a Licor Li-189 radiometer (Quantum, USA), for the UV range, a RM-21 (Dr. Gröbel, Germany) bandpass radiometer equipped with broadband 2p UV-A (320-400 nm) and UV-B (280-320 nm) sensors was used. Glass dishes were covered with different filter foils to cut off different wavelength ranges selectively from the spectrum emitted by the fluorescent tubes: samples receiving PAR + UV-A + UV-B were covered with an Ultraphan URT 300 foil (Digefra, Germany). To cut off only the UV-B range, a Folex PR foil (Dr. Schleussner, Germany) was used; to exclude the whole UV range (UV-A + UV-B) from the treatment, samples were covered with an Ultraphan URUV foil (Digefra). A comparison of the spectral properties of the different filter foils used in the experiment is given by Pérez-Rodríguez et al. (1998) . For all parameters tested, sampling or measuring was conducted on the 1st, 2nd and 5th day of the experiment, immediately before the start of UV exposure, after 2, 4, and 6 h of UV irradiation and after 2 and 4 h after UV exposure had ceased.
During exposure in the climate chamber, measurements of effective quantum yield (∆F/Fm′; cf. Schreiber et al. 1994) under the different radiation conditions were carried out with a Diving PAM (Walz, Germany). Saturating pulse length was adjusted to 0.6 s with an intensity of approx. 5000 µmol m -2 s -1 . Variation of effective quantum yield was high due to the differences among the light fields so that 20-40 yield determinations were carried out at each measuring point, and mean values and standard deviations were calculated. Maximal quantum yield of photochemistry was determined by the ratio of variable to maximal chlorophyll fluorescence (Fv/Fm) with a PAM 2000 chlorophyll fluorometer (Walz), following the protocol described in detail by Hanelt (1998) . Subsequently, photosynthesis versus irradiance curves were recorded with the fluorometer as described by Bischof et al. (1999) . From this, ETR max values were extracted by regression analysis. Measurements of Fv/Fm and ETR max were conducted in triplicate from randomly collected samples.
For enzyme analysis, at each measuring point, subsamples of approx. 0.8 g fresh weight were frozen in liquid nitrogen and stored until assay. Total activity of RubisCO in crude extracts was tested with a coupled photometric test generally following the method described by Gerard and Driscoll (1996) . Crude extracts were prepared by grinding frozen algal material to a fine powder and transferring it into ice cold extraction buffer (0.1 M Tris-Cl, 2 mM EDTA, 10 mM MgCl 2 , 20% glycerol, 1% Triton X-100, 50 mM DTT, 100 mM Na ascorbate, and 10 mM NaHCO 3 , at pH 7.6). 0.5 g fresh weight of tissue was mixed with 1 ml of extraction buffer. The assay mixture contained 50 mM HEPES, 10 mM NaHCO 3, 20 mM MgCl 2 , 0.2 mM NADH, 5 mM ATP, 5 mM phosphocreatine, 5 units of creatine phosphokinase and 5 units of glyceraldehyde-3-phosphate dehydrogenase/phosphoglycerate kinase. Sample loads contained 25 µl of extract, the reaction was started by adding ribulose-1,5-bisphosphate with a final concentration of 2 mM in the cuvette. The time course of NADH oxidation was recorded by the decrease in absorbance at 340 nm. Activity was expressed as declining absorbance per mg protein and second (mAbs mg protein -1 s -1 ). Overall content of soluble proteins in crude extracts was determined using a commercial protein assay (Bio Rad, USA). Protein content was determined by measuring extinction at 595 nm and calculating the concentration of proteins according to a calibration curve prepared with bovine serum albumin.
For analysis of content and composition of MAAs, samples of about 10 mg dry weight were prepared for HPLC analysis generally following the protocol of Karsten et al. (1998a) modified as follows: the mobile phase within the HPLC column was 10% aqueous methanol (v/v) plus 0.1% acetic acid (v/v) in water; the flow rate was adjusted to 0.7 ml min -1 at 20°C. The MAAs were detected at 330 nm and absorption spectra (290-400 nm) were recorded at 1 s intervals directly on HPLC-separated peaks. Substances were identified according to spectra and retention time.
Results
Both species exhibited a differential response to the exposure to artificial UV radiation. In C. crispus, initial values of effective quantum yield (∆F/Fm′) were lower (0.455) than in M. stellatus (0.543; Fig. 1 ). In both species, the changes in ∆F/Fm′ due to exposure to PAR or PAR + UV-A were very small in the course of the experiment. In contrast, additional UV-B radiation resulted in a marked reduction of effective quantum yield (Fig. 1A,  B) : throughout the experiment, UV-B irradiated samples of M. stellatus exhibited a reduction of approx. 20% in ∆F/Fm′ after 6 h of exposure, while C. crispus showed a reduction to 60% of initial values on the first day. However, during the following days, there was a trend to a lesser degree of inhibition of ∆F/Fm′ in this species.
Exposure to UV-B radiation resulted in a strong reduction of maximal quantum yield (Fv/Fm) in C. crispus (Fig. 2B) , while samples under PAR and PAR + UV-A radiation remained almost unaffected. The UV-B induced reduction in Fv/Fm became more prominent in the course of the experiment: while during 6 h of exposure on the first day Fv/Fm dropped by 30% of initial values; a 70% decline was observed during exposure on the 5th day. Moreover, before the beginning of the fifth exposure, samples had not completely recovered overnight from the previous exposure. In contrast, in M. stellatus, maximal quantum yield was generally less affected by UV-B, with only a 15% reduction during exposure on the first day. However, also in this species, Fv/Fm values further declined in the course of the experiment, and were finally reduced to 60% of the initial values ( Fig. 2A) . Also in M. stellatus, no adverse effects on maximal quantum yield were observed in samples shielded from UV-B.
ETR max values in samples of M. stellatus were moderately promoted throughout the experiment under the PAR and PAR + UV-A treatment, as compared to the initial values (Fig. 3A) , while no significant changes were observed due to additional UV-B irradiation during the first day. In contrast, during the 2nd day, a reduction in ETR max was observed in UV-B exposed samples; however, this was only obvious after 6 h of exposure and during the recovery phase after UV irradiation had already ceased. Samples of C. crispus exposed to PAR + UV-A showed a trend to slightly lower ETR max values in the course of the experiment, while values in PAR-irradiated samples remained unaffected (Fig. 3B) . In contrast to the reactions of UV-B exposed samples on the first and 5th day of the experiment, ETR max dropped to 50% of initial values after 6 h of UV-B exposure on the 2nd day.
Generally, under all experimental radiation conditions, RubisCO activities in samples of M. stellatus were higher than the initial values. Results obtained from UV-B irradiated samples were inconsistent and erratic but, especially in these samples, enzyme activity seemed to (Fig. 4A) . In C. crispus, overall RubisCO activity was not significantly altered during the first 2 days of the experiment (Fig. 4B) . However, throughout the fifth exposure, samples exposed to UV-B generally exhibited a 50% increase in activity compared with the initial values.
There were major differences in the content and composition of MAAs between the two species (Table 1) .
Throughout the treatment, overall content in M. stellatus was up to nearly 6-fold higher than in C. crispus. Shinorine was the only MAA detected in M. stellatus. During the experiment, its content increased strongly to almost the double its initial value. In contrast, there was no trace of this compound in initial samples of C. crispus. However, in the course of the experiment, the de novo synthesis of shinorine contributed strongly to the almost 50% increase in total MAA content. The contents of asterina and palythene doubled, while the concentration of palythine did not change significantly during the treatment.
Discussion
Our results show that photosynthesis in M. stellatus was less sensitive to the experimental UV-B irradiances than C. crispus. Previous comparisons of the physiological responses of these two species revealed a generally higher tolerance of M. stellatus to different kinds of abiotic stress (Dudgeon et al. 1989 (Dudgeon et al. , 1995 . The authors showed that the fronds of both species are very similar in terms of ecophysiological characteristics (e.g. high photosynthetic capacity), but differences in stress tolerance characteristics, such as lower net photosynthetic rates during desiccation and freezing and slower recovery in C. crispus, may be important factors in terms of competition and occupied niches. Freezing is suggested to be especially important in controlling the distribution of these species on the shore (Dudgeon et al. 1989 ). For Helgoland, this may be an important factor as freezing periods over several weeks are frequently observed during winter (A. Wagner, personal communication). Generally, the higher stress tolerance of M. stellatus results in this species prevailing on exposed locations in the lower intertidal zone. In contrast, lower light compensation points of C. crispus permit optimal light utilisation and high growth rates at greater water depth or below canopies (Dudgeon et al. 1995) .
Differences between the species in effective quantum yields under UV-B exposure were small (Fig. 1) , but maximal quantum yields exhibited a much higher UV-B tolerance in M. stellatus (Fig. 2) transfer between light harvesting complex and reaction centre should be more efficient (Krause and Weis 1991) . In both species, UV-B induced impairment of maximal quantum yield increased during the treatment. These findings suggest that adverse effects on photosynthetic antenna systems may become more and more prominent in the course of repeated UV exposures and result in chronic damage to the antennae (Demmig-Adams and Adams 1992; Hanelt 1996) . Different findings were reported in a study on the brown alga Alaria esculenta . In this species, inhibition of maximal quantum yield becomes smaller and recovery faster after a few repeated exposures to UV. However, the A. esculenta samples were kept in dim light for 2 days between each repeated exposure, allowing complete recovery and acclimation to UV radiation.
It is important to note that in both species studied, the impairment of maximal as well as effective quantum yield was exclusively due to UV-B radiation; this is in contrast to a similar study on UV effects on several other red algal species from Helgoland (Dring et al. 1996a) , where the UV-A range also strongly contributed to the reduction of Fv/Fm values. However, as experimental conditions were different between the studies, a comparison might be difficult. In the study cited, algae were exposed to UV-A and UV-B irradiances which were up to 50% higher than those in our study, but with the same low background of PAR. The strong effect of UV-A was predominantly found in red algae from the deep sublittoral zone, which are probably adapted to low irradiances. The samples used in our study were collected at the beginning of June and therefore might be acclimated to high irradiances which, in turn, might also reduce their sensitivity towards UV (Cen and Bornman 1990; Bischof et al. 1999) . It was also shown by Dring et al. (1996a) that sensitivity towards UV exposure changes with the season. Due to the unnaturally enhanced UV-B:PAR ratio in laboratory experiments the detrimental effects of UV-B exposure might be overestimated compared to field conditions (Teramura 1986 ). Nevertheless, the higher sensitivity to UV-B radiation in C. crispus, as shown in our experiments, is likely to reflect higher susceptibility under natural radiation conditions, compared to M. stellatus; however, this remains to be confirmed in further studies.
The different composition and higher concentration of MAAs in M. stellatus might be one reason for its generally lower sensitivity of photosynthesis towards UV radiation compared to C. crispus [see also Karsten et al. (1998b) , Dunlap and Shick (1998) and Sinha et al. (1998) for reviews on MAAs]. The potential of MAAs to protect the photosynthetic apparatus against UV radiation was shown by Karsten et al. (1999) in the Arctic endemic red alga Devaleraea ramentacea. A detailed study of the formation of MAAs in C. crispus was performed by Karsten et al. (1998a) who showed that shinorine is synthesised under UV radiation, while synthesis of palythine is mainly induced by PAR. This is in line with our results as PAR was low and concentration of palythine remained unchanged during the treatment. A high initial content of shinorine in M. stellatus may favour its occurrence in sun-exposed locations, while the capability of C. crispus to synthesise shinorine certainly shows the potential to acclimate to changes in light climate.
After the release of M. stellatus in 1983, it first established in the intertidal zone at locations with a hard substrate, a position which is not inhabited by C. crispus. Generally, the type of substrate plays a major role in the settlement of M. stellatus (I. Bartsch, personal communication). At our study site in the NE harbour, the typical habitats of C. crispus and M. stellatus apparently overlap, as both species seem to find favourable conditions for establishment and growth.
For a physiological comparison it was important to collect samples at the same time from the same shore level, as these factors may strongly influence the UV sensitivity of macroalgae (Dring et al. 1996a; Bischof et al. 1998b) , and acclimation to changing radiation conditions can proceed rapidly ). For C. crispus, increasing UV sensitivity with increasing growth depth and its acclimation to the respective in situ light climate was described in detail by Sagert et al. (1997) . In a study of MAA formation in the red alga, Devaleraea ramentacea, the strong correlation between MAA content and sampling depth was also shown (Karsten et al. 1999) . Additionally, all plants used in the experiments were of similar size and morphology, which are also important factors in UV tolerance (Dring et al. 1996b) . As all environmental conditions were identical until harvest, acclimation to different conditions can be excluded as a reason for the differential response towards experimental UV exposure. Thus, genetic adaptation in the investigated species might be responsible for the different UV sensitivity in our experiments. The lower sensitivity of M. stellatus to UV-B radiation, which was shown in our study, might, in turn, be one aspect enabling this species to occur in more sunexposed areas in the field. In summary, at sun-exposed locations, different composition of MAAs and a higher resistance of photosynthetic reactions may represent a competitive advantage of M. stellatus over C. crispus, which is restricted to more shaded habitats.
